Some of the most abundant synapses in the brain such as the synapses formed by the hippocampal mossy fibers, cerebellar parallel fibers and several types of cortical afferents express presynaptic forms of long-term potentiation (LTP), a putative cellular model for spatial, motor and fear learning. Those synapses often display presynaptic mechanisms of LTP induction, which are either NMDA receptor independent of dependent of presynaptic NMDA receptors. Recent investigations on the molecular mechanisms of neurotransmitter release modulation in short-and long-term synaptic plasticity in central synapses give a preponderant role to active zone proteins as Munc-13 and RIM1-alpha, and point toward the maturation process of synaptic vesicles prior to Ca 2 þ -dependent fusion as a key regulatory step of presynaptic plasticity.
Introduction
A remarkable property of neuronal circuits is the ability to change the strength of their synaptic connections in response to prior activity. Synaptic plasticity leads to the enhancement or depression of neural transmission efficacy and influences a number of important aspects of brain function. Paradigmatically, synaptic plasticity is envisioned as the cellular pillar to explain memory formation and spatial, motor and fear learning. However, changes in synaptic efficacy might also participate in relevant processes as synapse establishment during brain development or homeostatic maintenance of excitability to avoid neuronal excytotoxicity.
Traditionally, classification of different types of synaptic plasticity attends to the time scale at which they occur. Short-term synaptic plasticity changes happen as potentiation (STP) or depression (STD) of synaptic responses, and they last from hundreds of miliseconds to a few minutes. According to their duration and kinetics, short-term enhancements are defined as facilitation, augmentation or post-tetanic potentiation. Short-term plasticity is generally explained by direct presynaptic effects as residual elevations of intracellular Ca 2 þ concentration, for enhancing changes, or depletion of some pool of readily releasable vesicles, for depressing changes (reviewed Regehr and Stevens, 1 and Zucker and Regehr 2 ). In contrast, long-term plasticity changes last from hours to weeks. Long-term plasticity changes take place either as an enhancement of synaptic strength, LTP, or a reduction, long-term depression (LTD). The long-term synaptic plasticity model more intensively studied, LTP' was initially described at the hippocampus. 3 Although LTP has been virtually observed in every glutamatergic synapse studied in the mammalian brain, the best studied model is the NMDA (N-methyl-D-aspartate) receptor-dependent LTP in the CA1 region of the hippocampus. For many years, the most controversial questions regarding LTP have been related to the issue of whether LTP induction and/or expression occurs as a pre-or postsynaptic phenomena. Presynaptically expressed plasticity generally translates into an increase or a decrease of neurotransmitter release. Postsynaptically expressed plasticity involves changes at the number or the properties of postsynaptic receptors with no changes in the amount of neurotransmitter release. Although it is generally accepted that the site of induction and expression of NMDA-dependent LTP is basically postsynaptic, the existence of presynaptically induced LTP based on the activation of presynaptic NMDA receptors has been recently demonstrated. 4 Additionally, a number of synapses have been described during the last decade where LTP turned out to be NMDA independent, being induced and expressed at the presynaptic terminals. Indeed, presynaptic LTP is expressed in some of the most abundant synapses in the brain such as the hippocampal mossy fibers, the cerebellar parallel fiber and corticothalamic terminals. The best studied example of presynaptic LTP occurs at the mossy fibers in the CA3 region of the hippocampus. Excellent reviews have described general mechanisms of synaptic plasticity and discussed the controversies of the site of expression of LTP. [5] [6] [7] [8] [9] In this review, we will describe different synaptic types displaying distinct forms of presynaptic plasticity where an enhancement of neurotransmitter release occurs. We will then discuss recent advances that point out putative molecular targets in the synaptic vesicle cycle as responsible for plastic changes in neurotransmitter release, which are important for short-and long-term synaptic potentiation.
Presynaptic LTP independent of NMDA receptor
Hippocampal mossy fibers Based on studies of the possible role of LTP in learning and memory, it has been stated the so-called synaptic plasticity and memory (SPM) hypothesis: 'activity-dependent synaptic plasticity is induced at appropriate synapses during memory formation and is both necessary and sufficient for the information storage underlying the type of memory mediated by the brain area in which that plasticity is observed'. 10 In that sense, hippocampal LTP is probably involved in the initial encoding and storage of spatial memory. There is general agreement regarding the existence of different types of LTP in the hippocampus. 6 Nowadays, many investigators accept that LTP at the CA1 region of the hippocampus is triggered at the postsynaptic terminals and an important mechanism of expression resides in the trafficking and function of glutamate receptors of AMPA (alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) type. 11, 12 Nevertheless, a number of experiments led to propose presynaptic mechanisms of LTP expression such as the existence of retrograde messengers able to modify presynaptic function. [13] [14] [15] [16] [17] [18] In any case, a form of hippocampal LTP exists, which is independent of NMDA receptors and genuinely expressed presynaptically at the mossy fiber pathway formed between the axons of granule cells of the dentate gyrus and the pyramidal cells of area CA3. 19, 20 Although it is generally accepted that mossy fiber LTP expression is presynaptic, there are controversies regarding whether the induction is pre-or post-synaptic. Zalutsky and Nicoll 20 took advantage of the particular property of CA3 pyramidal neurons, which displays LTP at two types of synaptic inputs from both the associational-commisural fibers and the mossy fiber pathway, to study in parallel the induction and expression of LTP at those two different synapses. They showed that although the induction of the associational-commisural pathway required the postsynaptic activation of NMDA receptors, membrane depolarization and calcium elevation, mossy fiber LTP did not require any of those effects to be induced. 20 In addition, they studied paired-pulse facilitation (PPF) in mossy fibers. PPF is a form of synaptic plasticity observed in many synapses when two action potentials arrive at a presynaptic terminal separated by a short time interval (ten to hundred milliseconds) and characterized by a higher neurotransmitter release upon the arrival of the second action potential compared to the first. 1 It is accepted that synapses with a low probability of release (Pr) normally present PPF, while synapses with a high Pr tend instead to have paired-pulse depression. 1 During mossy fiber LTP, Zalutsky and Nicoll observed a decrease in PPF consistent with an elevation in Pr. In contrast, no similar changes were observed during associational-commisural LTP. Although a number of studies supported that hypothesis, [21] [22] [23] [24] [25] [26] there are other reports indicating that the mechanism of mossy fiber LTP induction involves an initial rise in postsynaptic Ca 2 þ -concentration. [27] [28] [29] [30] However, the presynaptic expression of mossy fiber LTP is unanimously accepted and several groups have provided solid evidences supporting that view: a decrease in PPF during mossy fiber LTP, 20, [31] [32] [33] an increase in quantal content (the number of vesicles released during a presynaptic action potential) 33 and a significant reduction in the number of release failures. 33 Synaptic release probability can be directly measured as the rate of inhibition of synaptic responses using MK-801, an irreversible open-channel blocker of the NMDA receptor. 34, 35 MK-801 only blocks irreversibly NMDA receptors that have been opened by glutamate and, therefore, synapses that are activated become unavailable to subsequent stimuli. The rate of decline of the NMDA-dependent EPSCs (excitatory post synaptic currents) depends on the Pr, because a higher Pr results in a higher number of NMDA receptors being opened per stimulus. Although mossy fiber LTP is NMDA receptor independent, Weisskopf and Nicoll 36 showed that NMDA receptors are present at mossy fiber synapses and used the MK-801 method to reveal that upon LTP induction, there is a large increase in the probability of release, 37 emphasizing the presynaptic expression of that type of LTP. Although most of the studies were performed in slices, the presynaptic nature of mossy fiber LTP has been also shown in cultured granule cells. 38, 39 An important issue is to define the synaptic mechanisms that get modified to increase neurotransmitter release. Tong et al. 38 using cultured granule cells showed that after total blockade of the evoked NMDAR EPSC by MK-801, the application of the LTPinducing tetanic stimulus resulted in the appearance of an NMDAR EPSC that remained during the rest of the experiment (more than 30 min). 38 Those results were consistent with an increase in the number of release sites and they could be explained either by a postsynaptic insertion on new NMDA receptors or the activation of previous presynaptically silent sites. Tong et al concluded that the effect was, in part, due to presynaptic appearance of release sites because the full blockade of functional NMDA receptors with MK-801 (for open channels) and NMDA (for the nonblocked with MK-801) abolished the appearance of any NMDAR EPSC upon tetanic stimulation. If the insertion of new NMDA receptors would have occurred, they should have detected an NMDAreceptor-dependent current. Those results supported the hypothesis that one of the mechanisms triggered by LTP at mossy fiber is the organization or activation of, at least, the presynaptic machinery responsible for the efficient stimulus-secretion coupling and neurotransmitter release at previously presynaptically silent or 'mute' synapses. 38, 40, 41 Although a recent study has reported direct measurements of synaptic vesicle exocytosis from single mossy fiber terminals by means of membrane capacitance measurements, 42 most of the studies performed to analyze the synaptic plasticity mechanisms at mossy fibers are based on electrophysiological analysis of the simultaneous activity of multiple synapses. The postsynaptic terminals contacted by mossy fibers are complex dendritic spines known as thorny excrescences, 43 which are interdigitated with protrusions of the mossy fiber terminals, presenting discrete postsynaptic densities apposed to multiple (up to [30] [31] [32] [33] [34] [35] presynaptic release sites (reviewed in Henze et al 44 ), which normally present multiquantal release. 45 In order to monitor changes of presynaptic sites at single synapses, Reid et al 46 have studied Ca 2 þ -transients at single thorny excrescences. 46 release from intracellular stores. 47 They established that the probability of obtaining an excitatory postsynaptic Ca 2 þ -transient (EPSCaT) reflects the aggregate probability of release of the multiple release sites located at the imaged synapse. Interestingly, they observed a clear shift to bigger EPSCaT size upon LTP induction, which they attributed to an increase in quantal content probably due to the recruitment of additional functional release sites and multivesicular release at single sites, with no changes in quantal amplitude normally produced by an increased number of postsynaptic receptors. Remarkably, they monitored synapses with null probability of obtaining EPSCaT, even after pairedpulse stimulation, which upon LTP induction were successfully activated and gave rise to EPSCaTs. Those cases were interpreted as LTP-mediated synapse unsilencing. Although the authors could not exclude that the unsilencing reflects insertion of receptors at a postsynaptically silent synapse, they considered that possibility unlikely because of two reasons: (1) application of 0 Mg 2 þ to activate NMDA receptors failed to uncover subsequently unsilenced synapses and (2) they observed that those spines were equipped with AMPA receptors as visualized with immunocytochemistry. In conclusion those studies indicate that mossy fiber LTP is expressed as a potentiation of neurotransmitter release at single synapses resulting from an increase of probability of release from functionally active sites, an increase in multivesicular release and/or the recruitment of new release sites which includes the activation of previously presynaptically silent or 'mute' synapses.
In dense core vesicles, the release of transmitters happens through the opening of a fusion pore, which opens either reversibly (kiss-and-run) or irreversibly. In mast cells, during reversible fusions, there is a partial transmitter release, while upon full irreversible fusion the whole vesicle content is released. 48 Smaller vesicles from chromaffin cells are able to release the whole neurotransmitter content during reversible fusions. 49 Recent experiments support the existence of kiss-and-run in synapses formed between cultured hippocampal neurons. 50, 51 Interestingly, the rate of fusion pore expansion is regulated by Ca 2 þ and phorbol ester receptors. [52] [53] [54] Modulation of the fusion pore opening has been proposed as a presynaptic mechanism for synapse unsilencing during LTP in CA3-CA1 hippocampal synapses. 55 Choi et al observed silent synapses with responses only mediated by NMDA receptors but not by AMPA receptors. Since NMDA receptors have a higher affinity for glutamate than AMPA receptors, at low glutamate concentrations in the synaptic cleft only NMDA receptors might be activated. That would be the case for a so-called 'whispering' synapse, 40 a synapse that is releasing low amounts of neurotransmitters. Choi et al reported an increase of glutamate concentration at the synaptic cleft during LTP manifested as a conversion of slowrising EPSCs to fast-rising EPSCs. They proposed that LTP induces a switch in fusion pore operation from a nonexpanding mode in basal conditions to a fully expanded state, which leads to the release of full vesicle contents and increases glutamate concentration at the synaptic cleft. It has been proposed that a similar mechanism might underlie the conversion of immature silent synapses into mature functional synaptic contacts. 56 Although Choi et al. 55 favored the fusion pore explanation, they did not rule out that the slow-rising EPSCs could be generated instead by spillover from neighbor synapses rather than from a slow releasing fusion pore. Recently, Nielsen et al. 57 have reported that at cerebellar mossy fiber-granule cell synapses glutamate spillover from other synapses is the main cause for slow-rising EPSCs. Novel experimental approaches such as the use of genetically modified mice encoding reporters to monitor neurotransmitter release at single synapses might be very useful to analyze the mechanisms of synapse unsilencing during LTP.
An enormous amount of data support the role of Ca 2 þ influx through postsynaptic NMDA receptors in triggering LTP at the hippocampal CA1 region. Ca 2 þ binds to calmodulin (CaM) to activate calmodulinkinase II (CaMKII), which gets autophosphorylated. CaMKII remains activated when Ca 2 þ returns to basal levels and increases the conductance and trafficking of postsynaptic AMPA receptors (reviewed in Malenka et al, 8 Bredt and Nicoll, 12 Malenka and Nicoll, 58 Nicoll 59 and Griffith
60
). A considerable number of genetic studies in mouse have provided a wealth of information of the role of alpha-CaMKII in plasticity and cognition. 61 Recently, presynaptic CaMKII have also been implicated in the control and plasticity of neurotransmitter release in hippocampal neurons. 62, 63 Hinds et al 62 have generated region specific knockout mice lacking alpha-CaMKII at the hippocampal CA3 area and therefore, in those mice, CA3-CA1 synapses were deprived of presynaptic alpha-CaMKII. At the CA3-CA1 synapses and in basal conditions the CA3-alpha-CaMKII KO mice have normal PPF ratio, normal Pr and no changes in the releasable pool of synaptic vesicles. Remarkably, upon repetitive stimulation, the mutant synapses showed significantly higher levels of synaptic facilitation due to an increased Pr during maintained stimulation. Hinds et al then concluded that, in wild-type synapses, presynaptic alpha-CaMKII functions as a negative regulator of Pr during high-frequency presynaptic stimulation, which could serve as a regulatory mechanism to maintain Pr in an optimal range for normal synaptic operation.
Which are the biochemical mechanisms responsible for induction and expression of presynaptic mossy fiber LTP? The current view is that presynaptic Ca 2 þ influx activates a calcium/calmodulin-regulated adenylyl cyclase, which increases cAMP levels and activates protein-kinase A (PKA). 64 Several proteins of the synaptic vesicle cycle are substrates for PKA and their relevant significance in long-term plasticity will be discussed below. A number of studies have evidenced the role of that biochemical cascade in mossy fiber LTP (Huang et al, 32 Weisskopf et al, 37 and Huang and Kandel, 65 but see also Kamiya et al, 66 ). Different types of presynaptic glutamate receptors have an important role in presynaptic mossy fiber LTP [67] [68] [69] and recent excellent reviews have discussed that issue in detail. [70] [71] [72] [73] Although mossy fibers have probably been the most extensively studied model of presynaptic LTP, there are other synapses in cerebellum and neocortex that share similar mechanisms.
Cerebellar parallel-Purkinje cell synapses
The cerebellum is a very attractive and useful structure to study cellular and molecular mechanisms of motor learning and memory. Together with a very well-known neuronal circuit, in cerebellum, there are several behavioral tests as eye and eyelids movements that are easily quantified to evaluate behavioral conditioning. An important variety of synaptic plasticity types, in both excitatory and inhibitory synapses, have been described in the cerebellum (reviewed in Hansel et al 74 ). Each Purkinje cell receives B200 000 excitatory synapses from the axons of granule cells, the parallel fibers. In neural models for associative eyelid conditioning, parallel fibers drive the conditioned, and climbing fibers the unconditioned stimuli into Purkinje cells. Parallel fiber LTD has been related to the behavioral acquisition of a conditioned response, [75] [76] [77] while LTP seems to participate in the extinction of the conditioned response (reviewed in Medina et al . Parallel fiber LTP occurs upon low-frequency stimulation in the absence of climbing fiber activation. [79] [80] [81] [82] [83] [84] [85] In a very similar manner as it happens at the hippocampal mossy fiber, parallel fiber LTP seems to be triggered by a presynaptic Ca 2 þ influx, and it is resistant to blockers of glutamate receptors and Ca 2 þ chelation at postsynaptic Purkinje cells. 81, [86] [87] [88] In addition, cerebellar granule cells in culture stimulated to release neurotransmitters were shown to activate glutamate-evoked inward currents in adjacent glial cells driven by AMPA/kainate receptors. Interestingly, under those experimental conditions and upon lowfrequency stimulation, it was possible to induce LTP in glial cells with similar characteristics as in parallel fiber-Purkinje cells LTP. 86 Although the results in cultured neurons were consistent with LTP induced and expressed at the presynaptic terminals, the postsynaptic currents in glia and Purkinje cells were mediated by AMPA/kainate receptors and because of that a possible postsynaptic mechanism of LTP expression linked to AMPA/kainate receptors it could not be ruled out. A confirmation of the presynaptic origin came from a set of experiments where synaptically evoked glutamate release was monitored as currents of electrogenic glial glutamate transporters, which were activated upon binding of released glutamate. LTP of isolated transport currents was evoked by stimulation at 4 Hz and was blocked by removal of external Ca 2 þ during stimulation. LTP expression was associated with a decrease in the rate of synaptic failures and a decrease in PPF, which strongly suggested that parallel fiber LTP is expressed presynaptically. 87 Similarly as it happens at the hippocampal mossy fibers, LTP in parallel fiberPurkinje cell synapses is mediated by presynaptic Ca 2 þ influx, which activates Ca 2 þ sensitive adenylyl cyclase to increase cAMP levels and activates PKA. 81, 86, 88, 89 The potentiation of glutamate release putatively occurs upon the PKA-mediated phosphorylation of presynaptic proteins involved in neurotransmitter release, as it will be discussed below.
Corticothalamic fibers
The major route for afferents to the neocortex originates in the thalamus. Every message that arrives to the neocortex goes through the thalamus first. Reciprocally, the thalamus receives massive input from the neocortex via corticothalamic fibers. The thalamus is therefore proposed as a crucial structure for cortico-cortical communication (reviewed in Sherman et al 90 and Guillery and Sherman
91
). Repetitive stimulation of corticothalamic fibers produces STP and LTP in vitro an in vivo, [92] [93] [94] [95] [96] [97] [98] [99] indicating that corticothalamic synapses modify the effectiveness with which the neocortex influences the thalamus. Castro-Alamancos and Calcagnotto 96 have studied LTP in mouse brain slices at the glutamatergic synapses formed by corticothalamic fibers contacting the ventrobasal thalamus. Several observations led them to conclude that corticothalamic LTP (ct-LTP) is both induced and probably expressed presynaptically: (1) ct-LTP was resistant to glutamate receptor antagonists, which strongly suggested independence of postsynaptic Ca 2 þ or postsynaptic depolarization; (2) ct-LTP was not affected by NMDA-receptor blockade or disinhibition; (3) ct-LTP required extracellular Ca 2 þ , suggesting that a rise in presynaptic Ca 2 þ is necessary; and (4) during ct-LTP there is a decrease in PPF, suggesting an increase in the release probability. In addition, as it has been observed in hippocampal mossy fibers and parallel fibers-Purkinje cell synapses, ct-LTP is abolished by PKA blockers. Furthermore, the forskolin-mediated activation of adenylyl cyclase causes a long-lasting potentiation with a characteristic decrease in PPF.
The synapses described above are independent of NMDA receptors. Nevertheless, the existence of excitatory and inhibitory synapses where neurotransmitter release is potentiated through the activation of presynaptically located NMDA receptors has been recently described.
Presynaptic LTP dependent of presynaptic NMDA receptors
A number of papers have described the existence of presynaptic NMDA receptors and their functional influence of neurotransmitter release. 100, 101 In addition, it has been demonstrated that presynaptic NMDA receptors are also implicated in several types of plasticity. Two recent studies have indeed shown that presynaptic NMDA receptors enhance neurotransmitter release in both excitatory glutamatergic synapses in the lateral amygdala 4 and in GABAergic inhibitory synapses formed between interneurons and Purkinje cell in the cerebellum. 102 Heterosynaptic associative plasticity in cortical afferents in the lateral amygdala The lateral amygdala is considered a region where synaptic plasticity takes place for the acquisition of conditioned fear responses. 103 In vivo studies in amygdala probably provide the strongest evidences of a relation between LTP and learning (reviewed in Stevens 104 ). Several groups have demonstrated that LTP of cortical or thalamic afferents in the amygdala is postsynaptically induced through NMDA receptors and it is expressed presynaptically as an increase of Pr upon presynaptic and postsynaptic paired activation. [105] [106] [107] [108] Classically, the induction of associative synaptic plasticity requires the coincident activation of both presynaptic and postsynaptic terminals. In homosynaptic plasticity, the intrinsic activity of the synapse itself modifies its own functional state. On the other hand, in heterosynaptic plasticity, the synaptic activity between two neurons is modified by the extrinsic action of a third neuron. Heterosynaptic plasticity has been generally considered as a nonassociative process and independent of synaptic activity. 109 A recent study of LTP in lateral amygdala has uncovered a novel mechanism of heterosynaptic and associative plasticity genuinely induced and expressed at the presynaptic terminals (Humeau et al 4 ; reviewed in Pare 110 ). In mouse brain slices, Humeau et al used stimulation patterns containing Poisson-distributed stimuli to mimick physiological activity of converging thalamic and cortical afferents during fear conditioning. They induced LTP at cortical but not at thalamic afferents only when both thalamic and cortical afferents were simultaneously stimulated ( Figure 1a) ; the independent stimulation of either thalamic or cortical inputs failed to induce LTP at cortical afferents, indicating that it is associative LTP. Cortical LTP induction was blocked in the presence of a competitive NMDA receptor antagonist and evoked upon a puff-application of NMDA coincident with train stimulations of cortical afferents, indicating an NMDA-receptor-dependent LTP. Surprisingly, chelation of postsynaptic Ca 2 þ and complete blockade of postsynaptic NMDA receptors, by intracellular application of the NMDA-receptor open channel blocker MK-801, did not interfere with the induction of cortical LTP. In contrast, the application of a membrane permeant Ca 2 þ chelator acting on the presynaptic terminals abolished LTP. Those results suggested that LTP induction is presynaptic. Furthermore, they observed that upon LTP induction the cortical terminals underwent a persistent decrease in PPF, which is consistent with an increase in Pr. Indeed, they demonstrated that increase of Pr with external high Ca 2 þ concentration occluded LTP induction. Since homosynaptic LTP at cortical afferents has been previously shown to be mediated by an increase in Pr, Humeau et al hypothesized that both homosynaptic and heterosynaptic LTP might share a common mechanism of presynaptic expression. In support of that hypothesis, they found that Poissoninduced heterosynaptic LTP could be suppressed upon induction of homosynaptic LTP by pairing afferent stimulation with postsynaptic stimulation. Humeau et al proposed that glutamate released by thalamic afferents might directly activate NMDA receptors located on presynaptic terminals of cortical afferents, which is consistent with previous electron microscopy studies reporting presynaptic NMDA receptors at the cortical afferents in the lateral amygdala. 111 An important question arising was why it was not possible to induce cortical LTP stimulating only the cortical afferents? Humeau et al thought that glutamate released by cortical afferents might be rapidly cleared from the synaptic cleft, and indeed, their hypothesis was supported by an experiment showing that cortical LTP could be elicited stimulating only cortical terminals in the presence of a low concentration of a glutamate uptake blocker ( Figure  1b) . That study is a clear demonstration of LTP mediated by NMDA presynaptic receptors.
GABA release enhancement at cerebellar interneuron-Purkinje cell synapses One of the most powerful synaptic contacts in the brain happens at the synapses formed by climbing fibers on Purkinje cells. A single climbing fiber axon forms B1400 synapses with each Purkinje cell.
Excitatory activity driven by climbing fibers is counterbalanced by inhibitory GABAergic interneurons that project to the axo-somatic regions of Purkinje cells. An interesting mechanism, known as depolarization-induced suppression of inhibition (DSI), allows Purkinje cells to downregulate GABA release through the retrograde release of endocannabinoids that activate presynaptic cannabinoid receptors (CB1) located in GABAergic interneurons. After the initial stimulation, CB1 receptor activation reduces both probability of release and the overall synaptic efficacy for tens of seconds [112] [113] [114] [115] [116] (Figure 1c, d ). Duguid and Smart 102 have recently identified a novel long-lasting mechanism (several minutes) termed depolarizationinduced potentiation of inhibition (DPI), which follows the termination of DSI and implies the potentiation of GABA release, reviewed in Tzingounis and Nicoll 117 ( Figure 1c) . Interneuron-Purkinje cell synapses in the basal state present paired-pulse depression as expected in a synapse with a high release probability. 118 Duguid and Smart observed PPF during DSI, presumably due to a decrease in release probability. In contrast, during DPI, they reported an increase in paired-pulse depression consistent with an increased release probability, therefore indicating a presynaptic mechanism. Interestingly, DPI turned out to be blocked by the NMDAreceptor antagonist APV and promoted by glutamateuptake blockade. In addition, the authors observed that Ca 2 þ chelation in Purkinje cells abolished DPI. The authors proposed that DPI occurs through a new retrograde signaling pathway, which involves glutamate release from Purkinje cells and activation of NMDA receptors in the presynaptic terminal of GABAergic interneurons 102 ( Figure 1d ). In this study they did not investigate how glutamate might be released from Purkinje cell dendrites, which constitutes an important question to be answered. They nevertheless, emphasize the importance of maintaining the glutamate concentration tightly controlled at the synaptic cleft and they remark on the putative role of Bergman glia in that process. Bergman glia express high levels of glutamate transporters, which rapidly sequesters any released glutamate, encapsulating the Purkinje cell dendritic arbor limiting glutamate diffusion out of the synaptic cleft toward presynaptic NMDA receptors. Therefore, DPI would be activated only in situations of high activity when glutamate transporters may became transiently saturated. Ca 2 þ influx through presynaptic NMDA receptors seems to trigger Ca 2 þ -induced Ca 2 þ release (CICR) from presynaptic ryanodine-sensitive stores, which have previously been implicated in spontaneous 119 and evoked GABA release. 120 The authors have shown that DPI can be elicited either by direct voltage-clamp depolarization of Purkinje cells or through a physiological stimulation of climbing fiber synaptic inputs. A surprising aspect of the novel mechanism is that NMDA receptors get activated in the presence of Mg 2 þ concentrations (1 mM) prone to voltage-dependent block of NMDA receptors, and without any previous depolarization. As possible reasons, the authors argue that the subunit composition of those NMDA receptors might make them less sensitive to Mg 2 þ blockade or that the input resistance and small volume of interneuronal axons allow small glutamateactivated currents to depolarize the terminal and relieve the Mg 2 þ block. DPI constitutes a novel mechanism for Purkinje cells to regulate their excitability modifying the strength of inhibitory synaptic inputs during repetitive climbing fiber stimulation.
The examples described above illustrate the importance and the different repertoire of synaptic types where the potentiation of neurotransmitter release occurs as a crucial phenomenon for LTP. An attractive hypothesis is that presynaptic proteins controlling the synaptic vesicle cycle are key molecular targets for those mechanisms. During the synaptic vesicle cycle, synaptic vesicles go through different steps. 121, 122 Vesicles filled with neurotransmitters form a reserve vesicle pool. Some of them get docked to the plasma membrane and maturate in a priming reaction to become fusion competent. Upon the arrival of an action potential, Ca 2 þ influx through calcium dependent voltage channels triggers the opening of the fusion pore to release neurotransmitters. Vesicles are recycled by reversible closure of the fusion pore ('kiss and run') or membrane retrieval through clathrinmediated endocytosis. The synaptic vesicle maturation to reach Ca 2 þ -dependent fusion competence probably includes several stages within the priming process 123 where the active zone proteins Munc-13-1 124, 125 and RIM1-alpha play fundamental roles. 126 
Molecular targets at the synaptic vesicle cycle

Munc13 proteins
Munc13 proteins (Munc13-1, Munc13-2, Munc13-3) are active zone proteins encoded by three different genes that present two or three C2 domains and one C1 domain. 127 A number of genetic studies in the nematode, 128 Drosophila 129 and mice have established that Munc13 proteins are essential for priming and generation of the readily releasable pool (RRP) of synaptic vesicles. 130, 124 Priming is a biochemical event necessary for the vesicles to become fusion competent and it is a step required subsequent to the ultrastructural appearance of docked vesicles. The RRP include the synaptic vesicles competent for fusion upon the arrival of an action potential to the presynaptic terminal and the RRP size directly reports the efficiency of priming. 131 Munc13s unfold and activate the SNARE protein syntaxin and promote the formation of the SNARE complex. [131] [132] [133] In addition, recent studies have shown that Munc13 proteins play an important role in potentiation of neurotransmitter release in short-term synaptic plasticity. 125 Rosenmund et al 125 using knockout mice for Munc13-1 and Munc13-2, have shown that in cultured hippocampal neurons there are two functional classes of synapses depending on the differential localization of Munc13-1 and Munc13-2 in the same neuron along a single axon. Synapses equipped with Munc13-1 exhibit depression during a train of action potentials (10 Hz) and show very small or no augmentation upon highfrequency stimulation. In contrast, Munc13-2 dependent synapses respond with facilitation and augmentation under the same stimulation conditions. Rosenmund et al remarked that those properties of different Munc13 isoforms in the same axon, might dynamically change the short-term plasticity properties in different synapses by switching between Munc13-1 and Munc13-2. Those findings mean that an augmenting synapse could be transformed into a depressing one or vice versa and suggest that such a mechanism could participate in the establishment of long-lasting plasticity changes.
Which signaling pathways act on Munc13s? Munc13 proteins are multimodular proteins targeted by different signaling cascades. Munc13 proteins bind diacyl-glicerol (DAG) and beta-phorbol-esters (beta-PE) 134 and calmodulin. 135 Phorbol ester binding translocates Munc13 proteins to the plasma membrane. 134, 136 Interestingly, the high-frequency mediated augmentation attributed to Munc13-2 is mirrored by application of phorbol esters. 125 Rhee et al studied synaptic transmission in knockin mice with a punctual mutation in the Munc13-1 C1 domain, which abolishes DAG and beta-PE binding. 137 The mutation leads to neonatal death indicating that a functional C1 domain is essential for life. Normally Presynaptic plasticity in the brain P García-Junco-Clemente et al wild-type synapses present augmentation in response to phorbol-esters applications, in contrast to the knockin mice that did not have any increase in neurotransmitter release induced by phorbol-esters. Rhee et al demonstrated that, instead of PKC, Munc13 proteins are the main presynaptic DAG/beta PE receptors mediating augmentation in hippocampal neurons. In cultured hippocampal neurons, the release of the RRP of synaptic vesicles is elicited upon stimulation with hypertonic sucrose extracellular solutions. The ratio of the release evoked by an action potential vs the release evoked by sucrose gives the so-called vesicular release probability (Pvr). 138 According to their sensitivity to DAG/beta-PE binding to the C1 domain, Munc13-1 determines two different synaptic vesicle pools. One pool is a low Pvr pool, which increases its size upon DAG/beta-PE stimulation or by ongoing synaptic activity, replenishes quickly and contributes very little during low-frequency stimulation. That pool depends on Munc13-1 soluble molecules, which are not associate with other active zone regulatory components. The other pool is a high Pvr pool independent of DAG/beta-PE, which replenishes slowly, is readily releasable and is the main contributor in evoked release during lowfrequency stimulation. That second pool depends on insoluble Munc13-1 molecules, which reside at the active zone and are associated with the release machinery. The high Pvr pool constitutes the RRP of synaptic vesicles. The low Pvr pool is used to increase the number of primed vesicles through DAG-mediated activation during periods of high synaptic activity. 139 A likely regulatory mechanism for Munc13 proteins is that Ca 2 þ influx increase during high synaptic activity leads to DAG production through Ca 2 þ -dependent-PLC activation. The lethal phenotype of knockin mice with a mutated Munc13 C1 domain indicates that the activity-dependent priming mediated by Munc13-1 is probably a crucial phenomenon for the proper function of neuronal networks, for example neuronal circuits involved in basic body functions.
It sensor. In a model where the size of the RRP is determined by the equilibrium between the priming and the unpriming rates, the increase of RRP size will occur through the acceleration of priming rate, which might be mediated by the Munc13/CaM complex. These findings constitute an important step toward the understanding of the molecular mechanisms of short-term synaptic plasticity. Several studies have reported synaptic activity-induced refilling in cerebellar climbing fibers, hippocampal neurons and the calyx of Held, [140] [141] [142] which, according to the findings of Junge et al, is most likely triggered by the Ca 2 þ -dependent association between Munc13s and CaM. Sakaba and Neher 143 have described, in the calyx of Held, the existence of two releasable vesicle pools with different kinetic characteristics: (1) a pool rapidly released that refills slowly and (2) a pool slowly released but rapidly refilled. Remarkably, they have shown that the refilling of the rapidly releasing pool is dramatically accelerated by Ca 2 þ /CaM, suggesting that indeed this process might be mediated by the Munc13/CaM complex.
Munc13-1 is generally distributed throughout the brain and knockout mice die almost immediately after birth, 124, 130 as it happens for the knockin mutation, which abolishes DAG/beta-PE to the C1 domain. Such a phenotype does not allow to study the behavioral changes, as for example learning and memory alterations, which might happen in the absence of Munc13-1. It would be of great interest to evaluate in vivo the effect of the mutation that abolishes the formation of the Munc13/CaM complex, although it might also turn out to be lethal. Interestingly, Munc13-2 mice are viable but no behavioral studies have been reported yet on those mice. However, the isoform Munc13-3 is almost exclusively expressed in the cerebellum, and knockout mice for Munc13-3 survive to adulthood. Munc13-3 protein is localized to the synaptic neurophil of the cerebellar molecular layer, and since it is not found in Purkinje cell dendrites, it is most likely a presynaptic protein at parallel fiber-Purkinje cell synapses. Munc13-3 deletion mutants exhibit increased PPF at parallel fiber-Purkinje cell synapses, which suggest a decrease in Pr probably due to a priming defect. Augustin et al proposed that Munc13-3 functions as a priming factor, although with less efficiency than Munc13-1. Interestingly, Munc13-3 knockout mice display normal spontaneous motor activity but have an impaired ability to learn complex motor tasks. As it has been discussed above, in parallel fiber-Purkinje cell synapses, LTP is induced and expressed presynaptically. Munc13-3 and its priming action might underlie the potentiation of Presynaptic plasticity in the brain P García-Junco-Clemente et al neurotransmitter release upon LTP induction, a hypothesis that could be tested in the Munc13-3 knockout mice.
RIM1-alpha
RIMs (Rab3 interacting molecules) constitute a family of multidomain adaptor proteins that were initially discovered as putative effectors for the synaptic vesicle protein Rab3a. 145 In vertebrates, RIMs are encoded by four different genes and generate several isoforms by alternative splicing.
146 RIM1-alpha and RIM2-alpha consist of an N-terminal Zn 2 þ -finger domain, a central PDZ and C2A domains, and a Cterminal C2B domain (Figure 2a ). RIM1-alpha, the best studied isoform, is located at the active zone of the presynaptic terminals and forms a protein scaffold interacting with key presynaptic molecules. In addition to Rab3a, RIM1-alpha binds active zone proteins Munc13-1 147, 148 and ERCs, 149,150 the synaptic vesicle protein synaptotagmin1, a calcium sensor for fast synchronous release, 151, 152 and other synaptic proteins as alpha-liprins. 152 Indirectly, RIM1-alpha binds to L-type calcium channels 153 through the so-called RIM-BPs (RIM binding proteins). 150 Insightful functional studies of RIM have been recently performed in C. elegans 154 and in knockout mice. 152, 155, 156, 126 Schoch et al 152 have shown that mice lacking RIM1-alpha survived to adulthood with slighter high mortality compared to wild-type littermates and displayed a poor maternal and nurturing behavior. They did not show any structural abnormalities in the brain and did not have significant changes in the levels of synaptic proteins, except for the active zone protein Munc13-1 which was decreased by B60% probably because, since Munc-13 binds to RIM1-alpha, it degrades when RIM1-alpha is absent. 147, 157 Schoch et al systematically studied synaptic transmission at Schaffer collateral/commissural fibers excitatory synapses on CA1 pyramidal cells on hippocampal slices from RIM1-alpha knockout mice and compared it in parallel with available Rab3A homozygous and Munc13-1 heterozygous knockout mice. Rab3A and Munc13-1 interact with RIM1-alpha. Since Munc13-1 heterozygous mice had a 50% decrease in Munc13-1 levels, they turned out to be a very appropriate mouse control to assess if phenotypical alterations in RIM1-alpha knockout mice are directly due to the lack of RIM1-alpha or to the secondary decrease in Munc13-1 levels. Although all the mutants displayed robust evoked postsynaptic responses, they have different phenotypes in shortterm synaptic plasticity. RIM1-alpha and Rab3a knockout mice presented a similarly large increase in PPF at short interstimulus intervals (50 ms) in excitatory synapses, while Munc13-1 heterozygous have no alterations in PPF. In contrast, RIM1-alpha knockout inhibitory synapses had a rather decreased PPF ratio, indicating that similarly to what has been reported for Munc13-1, RIM1-alpha might have different functions in excitatory and inhibitory synapses. Since inhibitory synapses in Rab3A knockout mice did not have any PPF phenotype, the function of RIM1-alpha in those synapses is probably independent of Rab3a. Longer lasting forms of short-term synaptic plasticity were also altered in excitatory synapses lacking RIM1-alpha, which had an increase in post-tetanic potentiation and facilitation and less depression than wild-type controls at moderate frequency stimulation (14 Hz). Synapses lacking Rab3A had a similar phenotype at 14 Hz stimulation but no changes for PTP, while Munc-13 heterozygous synapses behaved as wild-type controls. Those increases in short-term synaptic plasticity in RIM1-alpha mutants suggested a decrease in Pr, a fact that Schoch et al evidenced by a significantly slower rate of inhibition with the open-channel blocker MK-801. Those observations point toward RIM1-alpha as a regulator of Pr, especially during synaptic plasticity.
A recent study has approached a more detailed investigation of the role of RIM1-alpha in presynaptic mechanisms of neurotransmitter release in cultured hippocampal neurons. 158 Calakos et al have found that neurons lacking RIM1-alpha have a reduction in synaptic transmission, characterized by a reduction in the size of EPSCs charge. This is consistent with the reported decreased of Pr 152 and the authors attributed it to an observed reduction of B50% in the size of the RRP of synaptic vesicles measured upon stimulation with hypertonic solutions. Interestingly, Calakos et al found a normal Pvr in synapses lacking RIM1-alpha, which means that the primed vesicles in the remaining RRP undergo normal exocytosis. Since Munc13-1 is a key priming factor, 124, 125, 130 they concluded that the missing 50% of the RRP could be explained because in RIM1-alpha knockout mice, there is a substantial reduction in Munc13-1 levels. 152 That implies that there are probably two different subpools of synaptic vesicles within the RRP. The missing subpool of the RRP in RIM1-alpha KO mice probably corresponds in normal conditions to a pool of synaptic vesicles activated by a priming reaction where the interaction between Munc13-1 and RIM1-alpha is required. The remaining RRP in RIM1-alpha KO mice is a subpool likely independent of RIM proteins because immunocytochemical analysis revealed that RIM2-alpha was absent from hippocampal cultures. These findings reveal a role for RIM1-alpha as an enhancer of neurotransmitter release through the potentiation of synaptic vesicle priming. 126 In addition Calakos et al showed that RIM1-alpha participates in two other aspects of transmitter release: (1) the regulation of short-term synaptic plasticity and (2) the asynchronous Ca 2 þ -triggered release. Similar to what happened in brain slices, 152 cultured neurons lacking RIM1-alpha displayed a short-term synaptic plasticity characterized by less paired-pulse depression and a sustained response during 14-Hz train stimulations. A decrease in pairedpulse depression is expected for a synapse, as RIM1-alpha KO synapses, with a low Pr.
1,2 However, in RIM KO synapses, the maintenance of the synaptic Presynaptic plasticity in the brain P García-Junco-Clemente et al response during the prolonged train of stimulations which, in contrast, leads to a marked depression in wild-type control neurons is remarkable. What could be the explanation for such a phenotype? Calakos et al have compared RRP size before and upon 14-Hz stimulation and found that the RRP, after stimulation, recovers its original size in both RIM1-alpha KO and wild-type synapses. Therefore, the sustained synaptic Presynaptic plasticity in the brain P García-Junco-Clemente et al response cannot be explained for a growth of RRP size during maintained stimulation. They then compared the action potential evoked responses before and after the train and computed Pvr. Interestingly, they found that in synapses lacking RIM1-alpha, Pvr increased by effect of the train stimulation, while in wild-type neurons, Pvr did not change. To understand the details of how Pvr increase is accomplished a deeper study would be necessary. Nevertheless a possible interpretation is that RIM1-alpha might function as a regulator of short-term synaptic plasticity, able to even decrease Pvr during maintained synaptic activity. RIM1-alpha is a putative effector of the synaptic vesicle protein Rab3A. Mice lacking Rab3A also have an increased PPF with no changes in Pr. Based on those observations, Rab3A has been proposed to function as a negative regulator of synaptic vesicle exocytosis. 159 It might be possible that RIM1-alpha acting as a key regulator of synaptic plasticity might set a ceiling in neurotransmitter release in situations where a massive release could lead to presynaptic exhaustion or postsynaptic overstimulation.
After the arrival of an action potential at an excitatory synapse, neurotransmitter release displays two components:
160 a fast and synchronous component triggered by the Ca 2 þ -sensor synaptotagmin 1 161, 162 and a slow, asynchronous component that is also Ca 2 þ -dependent but not well understood from the molecular point of view. Calakos et al found that neurons from RIM1-alpha KO mice have an B50% reduction in the asynchronous component of release, which implies RIM1-alpha in a postpriming step related to Ca 2 þ -triggered vesicle fusion. Calakos et al showed that RIM1-alpha was not required for synaptogenesis, normal quantal size, spontaneous release, the synchronous component of evoked release or refilling of the PPR. In summary, their data identified RIM1-alpha as a crucial regulator of synaptic vesicle maturation at the active zone implied in priming and Ca 2 þ triggering of synaptic vesicle fusion.
Rim1-alpha in LTP
Since hippocampal mossy fiber LTP is abolished in Rab3A knockout mice, 163 to explain Rab3A role in presynaptic plasticity the molecular models pointed toward the two main Rab3A effectors: rabphilin and RIM1-alpha.
Surprisingly, rabphilin-deficient mice 164, 165 turned out to have normal synaptic transmission and exhibited none of the phenotypic traits of Rab3A knockout mice. The systematic study of LTP in RIM1-alpha deficient mice yielded key findings (Schoch et al (1) neurotransmitter release and short-term synaptic plasticity in mossy fiber terminals were normal, in contrast to the changes found in the CA1 region where Pr was decreased and PPF increased; (2) hippocampal mossy fiber LTP and cerebellar parallel fiber LTP were abolished in contrast to normal LTP at the CA1 region (Figure 2b and c) . Remarkably, these results revealed that RIM1-alpha plays a central function in all synapses studied with specific roles depending on the specific synapse characteristics, probably reflecting the different RIM1-alpha binding partners present in each synapse. Consistently, RIM1-alpha is essential for LTP in synapses that express presynaptic LTP as mossy fibers and parallel fibers. As it has been previously discussed, an important open question in understanding the molecular details of presynaptic plasticity is the identification of PKA substrates that become phosphorylated upon Ca 2 þ -dependent PKA activation. Synapsins and rabphilin are both phosphorylated by PKA but previous studies on mutant mice in which both synapsinI and II, or rabphilin, were deleted showed normal LTP. 156, 165, 167, 168 On the other hand, Rab3A, although essential for mossy fiber LTP, is not a PKA substrate. Within that scenario, RIM1-alpha was an excellent candidate as a PKA dependent inductor (and expresser) of presynaptic LTP. Lonart et al have recently shown that RIM1-alpha is readily phosphorylated by PKA upon elevation of cAMP levels in synaptosomes from mossy fibers. RIM1-alpha is phosphorylated at two sites, serine 413 and serine 1548. Interestingly, analysis with phosphospecific antibodies revealed an increase in in vivo phosphorylation in serine 413 in synaptosomes treated with the phosphatase inhibitor okadaic acid; in contrast, no phosphorylation changes appeared in serine 1548. Lonart et al showed that impaired LTP cerebellar granule cell-Purkinje synapses in neuron cultures from RIM1-alpha knockout mice got rescued upon transfection with RIM1-alpha full length and got blocked if the rescued cells were incubated with a PKA inhibitor. These results suggested that PKA phosphorylation of the transfected RIM1-alpha might be essential for LTP, but did not prove it. They then showed that transfection with RIM1-alpha carrying a mutation at serine 413 did not rescue LTP, in contrast to a mutation at serine 1548, which behaved as the wild-type rescue (Figure 2c) . Furthermore, similar results were obtained upon LTP induction with cAMP analogs activators of PKA. In addition, the transfection in wild-type neurons of RIM1-alpha mutated at serine 413 selectively attenuated LTP.
Those results demonstrated that the phosphorylation of RIM1-alpha at a single site, serine 413, is required for LTP of neurotransmitter release at cerebellar parallel fiber synapses. These results demonstrate that LTP induction might be mediated by a direct modification of a single active zone protein and they constitute an important step forward in understanding of the molecular mechanisms of presynaptic LTP.
RIM1-alpha is critical for learning and memory
Since RIM1-alpha has been shown to be a key protein for regulation of short-and long-term synaptic plasticity, the question arising is if indeed those changes translate into a learning and memory phenotype. Powell et al have recently carried out a systematic behavioral analysis of RIM1-alpha deficient mice and analyzed associative learning and memory, locomotor activity, motor coordination and anxiety-like responses. RIM1-alpha knockout mice exhibit a dramatic deficit in associative learning and locomotor responses to novelty but they are normal in other behavioral tests. RIM1-alpha knockout mice performed very poorly in the Morris water maze, revealing a deficit in spatial learning (Figure 2d) . In a test to evaluate conditioning of fear to a novel context, normal mice learned after a single pairing to recognize an experimental chamber with a foot shock. Fear learning was scored better the longer the time that the mice spent in the freezing state. As shown in Figure  2e , RIM1-alpha knockout mice spend significantly lower times in the freezing state in comparison to wild-type littermates, indicating a clear deficit in fear conditioning.
RIM1-alpha knockout mice display a decreased context-dependent fear conditioning, a behaviour that requires integrity of both hippocampus and amygdala. Furthermore, the mutants have a deficit in cuedependent fear conditioning, which requires the integration in the amygdala of a sensory stimulus associated to the fear stimulus. These observations point to a potential defect in synaptic plasticity in amygdala in RIM1-alpha knockout mice. As discussed above, the heterosynaptic associative type of LTP in amygdala involves a presynaptically induced and expressed form of LTP mediated by presynaptic NMDA receptors.
4 RIM1-alpha might also participate in presynaptic LTP in amygdala similarly as it does in hippocampal mossy fibers and cerebellar parallel fibers. It would be very interesting to quantify synaptic plasticy in lateral amygdala of RIM1-alpha knockout mice.
However, an important point to analyze is which features of the synaptic plasticity alterations might be responsible for the associative learning phenotype. The important deficit in mossy fiber LTP or the low Pr could be hypothesized to explain the impairment in spatial learning. Powell et al analyzed RIM1-alpha knockout mice in parallel with Rab3A deficient mice that lack mossy fiber LTP and display an increased short-term synaptic plasticity with no changes of Pr at the CA1 region of hippocampus. They found that Rab3A knockout mice present no detectable defect in learning and memory. These data indicate that deficient mossy fiber LTP is probably not the reason for the spatial learning defect of RIM1-alpha mutants, in agreement with other studies in mutant mice lacking Rab3A 169 or with defects in PKA activity Huang et al; 170 see also Villacres et al, 171 Wu et al In order to investigate whether the decrease in Pr could be the cause of the behavioral phenotype, Powell et al included in the analysis synaptotagmin 1 R233Q knockin mice to compare them with RIM1-alpha mutants. Synaptotagmin 1 is a Ca 2 þ sensor for fast and synchronous exocytosis. 162, 122, 174 Synaptotagmin 1 R233Q knockin mice bear a punctual mutation in the C2A domain of synaptotagmin 1, which impairs the Ca 2 þ -dependent phospholipid binding to the C2A domain and translates into an B50% decreased of Pr and increased short-term synaptic plasticity in cultured hippocampal neurons. 162 In contrast to the learning deficits in RIM1-alpha KO mice, the synaptotagmin R233Q knockin did not have any alterations in learning and memory. Interestingly, those results would indicate that a generalized decrease in Pr does not translate into a learning deficit. Powell et al considered that an equally balanced decreased of Pr in excitatory and inhibitory synapses, as presumably occurs in Syt R233Q mutant mice, might allow plasticity mechanisms to get adapted to general low Pr values without impairments of cognitive function. In contrast, since RIM1-alpha might have subtle different effects on excitatory and inhibitory neurons, 152 RIM1-alpha absence could lead to an unbalanced equilibrium between excitatory and inhibitory components of synaptic function, which would translate into a deficient computation of cognitive signals. RIM1-alpha mice also present increased post-tetanic potentiation (PTP) and increased PPF in hippocampal area CA1, which might contribute to the spatial learning phenotype. In any case, the authors propose that the RIM1-alpha KO phenotype reflects that normal cognitive function requires a coordinated integration of Pr, short-and long-term plasticity.
Powell et al's study is the first genetic demonstration showing that the alteration of a presynaptic protein specifically alters cognitive function. As the authors emphasized, it is indeed surprising that a protein that seems to play a general role in the molecular organization of the active zone and expresses in many different brain regions affects only the associative learning with no alterations in other behaviors.
Conclusions
In the present review, we have described several exemplary synapses where presynaptic mechanisms of neurotransmitter release enhancement underlie changes in synaptic plasticity, in particular presynaptic LTP. The progress in the knowledge of the synaptic vesicle cycle, in particular how molecular networks build up different physiological outputs, promises to be a fruitful path to advance in the understanding of molecular mechanisms of presynaptic plasticity. Elucidation of the complete set of real key players for LTP is a challenging task. 175, 176 The in vivo approaches dealing with a combination of genetics and quantitative physiology and behavioral analysis in mice are setting a powerful experimental scenario to advance in the right direction. Resident molecules at the active zone such as Munc13 proteins and RIM1-alpha, which plays a fundamental role in the maturation of synaptic vesicles to reach competence for Ca 2 þ -dependent fusion, have been demonstrated to be crucial targets of biochemical cascades activated during synaptic activity and responsible for Presynaptic plasticity in the brain P García-Junco-Clemente et al plastic changes in neurotransmitter release through priming regulation in short-term synaptic plasticity. Nevertheless, LTP establishment in addition requires structural changes at the presynaptic terminal. In particular, RIM1-alpha functions as an scaffold for different types of proteins in the active zone. One of these proteins represent alpha-liprins, 152 which regulate active zone size in the nematode. 177 A proposed exciting idea is that RIM1-alpha phosphorylation might trigger LTP through structural changes based on molecular interactions with proteins as alphaliprins. 156 It is certainly predictable that active zones will become a fascinating land to investigate molecular mechanisms of presynaptic plasticity.
